ABSTRACT: Behavioural observations were made of South American sea lions Otaria flavescens in Peru to determine whether changes in their diet and maternal attendance patterns reflected physical changes in the marine environment and alterations in the abundance and distribution of prey. The study was conducted during the breeding season between 1998 and 2002, which was a period that encompassed a strong El Niño (1997 to 1998) and a moderate La Niña (1999Niña ( to 2001. Observations revealed strong linkages between maternal attendance patterns and the abundance of prey and oceanographic features close to the rookeries. Acute prey shortage during El Niño resulted in females increasing the length of their foraging trips and decreasing the time they spent onshore with their pups. In contrast, shorter times at sea and longer times onshore were observed during the favourable conditions of La Niña when preferred prey (anchovy and squat lobster) were more abundant near the rookeries. Pup mortalities increased when females spent more time at sea searching for prey and did not return frequently enough to nurse their pups. A larger diversity of prey species (particularly of demersal fishes) was consumed during El Niño when anchovy and lobster were less available. Females appeared to adjust their diets and maternal attendance patterns in response to annual changes in the abundance and distribution of prey. These observations suggested that diet and maternal responses reflect interannual fluctuations of the unpredictable Peruvian upwelling ecosystem, and implied that South American sea lions may be good indicators of relative changes in the distribution and abundance of marine resources. 
INTRODUCTION
In theory, fluctuations in oceanography and changes in ocean productivity directly affect the abundance and distribution of prey species, which in turn affect the reproductive and foraging ecology of their predators (McCann 1987 , Trillmich & Ono 1991 , Guinet et al. 2001 . A number of studies have related changes in the foraging behaviour of apex predators such as pinnipeds, whales, and sea birds to the abundance of the prey that they feed upon (e.g. Boyd et al. 1994 , Boyd 1999 . However, the degree to which behavioural responses of apex predators are proxies for changes in the marine environment is still not clear. Due to the difficulty and costs of conducting such research, only a few studies have attempted to validate the relationship between prey and foraging behaviour by assessing oceanographic conditions or the distribution and abundance of prey (e.g. Boyd & Arnbom 1991 , Lea & Dubroca 2003 . A better understanding of this relationship would help guide the use of apex predators as indicators of marine environmental change. It might also help to assess the consequences of fishing on the foraging ecology of apex predators and potential competition with humans for marine resources.
Female South American sea lions Otaria flavescens in Peru offer an opportunity to evaluate the strength of the relationship between fluctuations in the marine ecosystem and the reproductive ecology of apex predators. South American sea lions inhabit the productive but unpredictable Peruvian upwelling ecosystem (Ryther 1969) , and are directly exposed to interannual and highly stochastic fluctuations in the distribution and abundance of their principal preythe Peruvian anchovy Engraulis ringens (AriasSchreiber 2003) . The distribution and abundance of anchovy, as well as the negative effects of El Niño events on its life history, have been well documented due to the economic importance of anchovy to the Peruvian fishing industry (Barber & Chavez 1986 , Pauly & Tsukayama 1987 , Ñiquen & Bouchon 2002 . Similarly, considerable knowledge has been gathered on the foraging behaviour, reproduction, and diet of South American sea lions throughout their distributional range along the Atlantic and Pacific coasts of South America (Campagna & Le Boeuf 1988a , Thompson et al. 1998 , Soto 1999 , Koen Alonso et al. 2000 , Campagna et al. 2001 , Soto et al. 2004 . Females are easy to monitor because they give birth on land and alternate intermittent trips at sea to feed (foraging trips) with visits onshore to nurse their pups during the austral summer (Campagna & Le Boeuf 1988a) . Female sea lions also provide all the nutritional resources needed to rear their pups, and do not rely on fat reserves stored before parturition (Trillmich et al. 1991) . Thus, stochastic fluctuations in the marine environment should directly affect the maternal behaviour and possibly also the reproductive success of this species.
The goal of our study was to determine whether behavioural measurements of apex predators reflected physical changes in the marine environment and fluctuations in the abundance and distribution of prey. South American sea lion diets and behavioural observations of maternal attendance patterns were assessed at the Ballestas Islands, Peru, over 5 consecutive breeding seasons of contrasting prey abundance that included the strongest El Niño on record (from 1997 to 1998) (McPhaden 1999 ) and a moderate La Niña (from 1999 to 2001). We investigated the reproductive ecology of sea lions (maternal attendance and dietary habits) and its relationship with oceanographic variables (sea temperature anomalies) and marine prey resources (distribution and abundance of anchovy) at corresponding spatial and temporal scales.
MATERIALS AND METHODS
Study site. Data were collected from the Ballestas Islands (13°44' S, 76°24' W), Pisco, which are home to one of the largest breeding concentrations of South American sea lions in Peru (Arias-Schreiber & Rivas 1998). The islands are protected by the Peruvian Government as a guano bird reserve. The main study area, La Maternidad ('The Maternity'), is an open pebble beach without pools or shaded areas that allows for all sea lions using the rookery to be observed. It is bounded to the north by open ocean, to the south by a rocky cliff, and to the east and west by small caves.
Diet. Diet was determined from scats collected by the Instituto del Mar del Peru (IMARPE) at San Gallan Island (13°51' S, 76°26' W), Pisco, a nearby breeding rookery that was approximately 7 km from our study site. The topography of our behavioural study site at La Maternidad prevented access to the beach to collect scats. The number of scats collected from San Gallan Island varied among years (January and March 1998: n = 139; January and March 1999: n = 81; April 2000: n = 50; January 2001: n = 21; January and February 2002: n = 84). Hard parts identifiable to species level were recovered from all scats with the exception of those that contained no identifiable hard parts; these amounted to 60 scats collected in 1998 (El Niño), 8 in 1999 (La Niña), and 10 in 2002.
Scats were frozen after collection, then later thawed and washed using a series of nested sieves with mesh sizes of 2.0, 0.425 and 0.25 mm (USA Standard Test). Fish otoliths, cephalopod beaks, and crustacean remains were separated. Otoliths were identified to species level where possible using reference collections of IMARPE and the identification guide of García-Godos (2001) . Cephalopod beaks were not identified to species level, and crustacean remains did not accurately reflect the number of individuals in each sample due to advanced stages of digestion. Thus, only the frequency of occurrence (defined as the number of scats in which a given prey occurred) (Dellinger & Trillmich 1988 ) of each taxonomic group was included in the analysis.
Maternal attendance. South American sea lions normally breed during the austral summer (between December and March). However, the timing and duration of the breeding seasons varies according to latitude (Campagna 1985 , Soto 1999 and interannual fluctuations in prey abundance (Soto et al. 2004) . Observations at the Ballestas Islands were made during 5 consecutive breeding seasons (between 4 January and 10 March) from 1998 to 2002, and also between November and December 1997. Maternal attendance was defined as the duration of individual female attendance cycles (i.e. time spent at sea foraging and time spent onshore nursing their pups). Since the timing of births varied among years (see Soto et al. 2004) , females were marked around the peak of each pupping season to standardize for possible developmental differences that might affect interannual comparisons. Females were marked with paint pellets fired from a CO 2 gun (Nel-Spot Company), and with paint-filled eggs thrown up to 35 m from the animals. Females were marked on their day of parturition or during the perinatal period, i.e. the interval between parturition and a mother's first departure to sea (1998: n = 42; 1999: n = 124; 2000: n = 155; 2001: n = 124; 2002: n = 110) . The small sample size during the 1998 El Niño breeding season resulted from low numbers of females that used the study beach that year, but included most females with pups that were present. Paint markings and natural scarring were drawn on animal identification cards. Marks lasted from 2 to 3 wk. Some females were re-marked depending on the quality of the initial mark.
Female movements were recorded using focal sampling methodology (at 10 min intervals) during daylight hours (from 06:00 to 18:00 h) from a cliff that was about 70 m above and 100 m away, from the colony. The duration of the perinatal period, foraging trips, and visits onshore were recorded for each marked female. Females whose pups had died or disappeared were removed from the sample. If a female was recorded at the beach at the end of the day and was not found the next morning, her time of departure was assumed to have occurred at midnight (the midpoint between when observations stopped and began again) (Higgins & Gass 1993 , Francis et al. 1998 , Milette & Trites 2003 . Females whose date of pupping was unknown and had remained onshore with their pups for more than 3 d after being marked were assumed to have not made their first post-partum trip to sea. First feeding trips and first visits onshore were analyzed independently from the rest of the data, because maternal investment is known to be significantly high during the perinatal period . Sample sizes represented the number of females rather than the numbers of trips and visits onshore. Thus, only mean durations of trips and visits onshore per female during the breeding season were included in the analysis. Daily counts of females were conducted at 06:00, 12:00 and 18:00 h for each year included in our study.
Prey abundance and oceanographic conditions. Interannual oceanographic and biological fluctuations occurred throughout the study period from 1998 to 2002. The strong 1997-1998 El Niño resulted in increased sea surface temperatures and a deepening of the thermocline, which drastically reduced primary marine productivity (McPhaden 1999 , Fiedler 2002 ). This in turn affected the distribution and abundance of anchovy and other potential prey for sea lions. In contrast, the moderate 1999-2001 La Niña was characterized by cold surface temperatures, shallow thermoclines, and high marine productivity (Fiedler 2002) , which resulted in favourable prey conditions for the sea lions. The 2002 breeding season took place during the early stages of the moderate 2002 El Niño (Moron 2002 , Ñiquen & Bouchon 2002 .
Data on prey abundance and distribution of pelagic resources were obtained from IMARPE. These included catch per unit of effort (CPUE) indices from commercial catches of Peruvian anchovy, in addition to data on abundance and distribution of anchovy derived from hydroacoustic surveys conducted in the area between 10°S to 20°S (within which our study site was located, see Fig. 6 ). Hydroacoustic surveys encompassed the area between the shore and 100 to 120 nautical miles and were carried out using the echo-sounding SIMRAD EK-500 and EY-500. Abundance of anchovy from hydroacoustic surveys was estimated by IMARPE using echo integration techniques (see MacLennan & Simmonds 1992) . CPUE is often used as a measurement of relative abundance for anchovy (Ñiquen & Bouchon 2002 , Santojani et al. 2003 , and was compared to the duration of sea lion foraging trips and visits onshore to test for possible relationships. CPUE indices included the catch of anchovy (in t) per hour of commercial fishing trip, per hold with fish, per registered gross vessel tonnage, and per registered gross tonnage estimated from hours of commercial fishing trip. Total catches of anchovy were affected by partial or total closed seasons enacted by the Peruvian Government to protect spawning anchovy. This typically occurred twice per year (normally between February-March and August -September). According to IMARPE (M. Ñiquen pers. comm.), the anchovy catch per hour of commercial fishing trip has shown the strongest correlation with assessments of anchovy biomass from hydroacoustic surveys.
Oceanographic conditions were assessed from sea surface temperatures recorded daily by IMARPE at the Coastal Laboratory of Pisco, whereas temperature anomalies were calculated from data collected since 1976 by IMARPE. Sea surface temperatures can be used as an index of environmental uncertainty (Gentry et al. 1986 ) and have been associated with changes in the abundance of the Peruvian anchovy (Barber & Chavez 1986 ) and with changes in maternal performance in otariids (Francis et al. 1998 , Lea 2002 . We therefore analysed these oceanographic features to test for possible relationships with maternal attendance patterns. We also explored potential links between the distribution and abundance of prey species close to the breeding area and their frequency of occurrence in the diet of sea lions.
RESULTS

Diet
A total of 1719 otoliths were retrieved from 307 scats. All but 1.8% of the otoliths (n = 31) could be identified to species level. The main prey items consumed were fish, crustaceans and cephalopods (frequency of occurrence 76.7, 88.3 and 17.9%, respectively) ( Table 1) , with the highest numbers of prey species consumed during 2002 (17 species) and during the 1998 El Niño (12 species). On average, 8 species yr -1 were found in scats during La Niña years (1999) (2000) (2001) .
Significant differences were found in the occurrences of principal prey among and within years. Only anchovy and squid occurred in the diet in all years. However, frequency of consumption of anchovy differed among years (logistic regression deviance test: year as a categorical variable, χ 4 2 = 32.86, p < 0.001), as did consumption of squid (χ 4 2 = 23.20, p < 0.001). No differences were found in the relative occurrences of anchovy within a season in any year. Anchovy represented an average 75% of total fish occurrences (excluding the 1998 El Niño, when anchovy were scarce and other fish species were consumed at a greater frequency). When the 1998 El Niño period was included, anchovy represented an average of 68% of total fish occurrences in the diet. The only year that squid varied within a season was 1999 (logistic regression deviance test: χ 1 2 = 4.73, p = 0.03). The pelagic squat lobster Pleuroncodes monodon represented 100% of total crustaceans in the scats, and was identified in all years except in February 2002 and during the 1998 El Niño. Its occurrence also differed among years (logistic regression deviance test: year as a categorical variable, χ 3 2 = 36.61, p < 0.001), but only differed within a season in 2002 when no remains were found in scats collected in February (early stages of the 2002 El Niño, see Table 1 ).
Important demersal species for commercial fisheries occurred at high frequencies in most years. These included the lumptail searobin Prionotus stephanophrys, Peruvian hake Merluccius gayi, and camotillo Normanichthys crockeri (mean frequency occurrence = 21.6, 8.2, and 29.2%, respectively). However, differences in occurrences were observed among years (lumptail searobin logistic regression deviance test: χ 3 2 = 57.43, p = 0.027; Peruvian hake: χ 3 2 = 8.82, p = 0.032; camotillo: χ 3 2 = 9.09 p = 0.028). The demersal cachema Cynoscion analis only occurred at high frequency (22.2%) during the 1998 El Niño period.
Maternal attendance
A total of 3984 foraging trips and 3836 visits onshore were recorded and analyzed. This represented a mean (± SE) 8.77 ± 0.24 trips and 8.66 ± 0.24 visits per female in each year of the study, which did not vary significantly among years. However, the duration of foraging trips (Kruskal-Wallis χ 4 2 = 133.1, p < 0.001) and visits onshore (Kruskal-Wallis: χ 4 2 = 18.70, p < 0.001) differed significantly among years, even after removing the 1998 El Niño (trips: χ 3 2 = 121.97, p < 0.001; visits: Table 2 ).
Mean duration of foraging trips and visits onshore were inversely related, with the longest foraging trips and shortest visits onshore occurring during the 1998 El Niño. In contrast, durations of foraging trips were the shortest during the 2000 La Niña, while visits onshore were the longest (Fig. 1) . During the 1998 El Niño, foraging trips were about twice the mean duration of trips in subsequent years (Table 2) .
In every year, duration of the first trip and visit onshore after parturition were longer than all other trips and visits (Table 3) ; and these durations also var- Of the 42 females marked during the 1998 El Niño breeding season, 22% (n = 10) did not return to the beach after their first feeding trip and another 22% abandoned their pups after their second feeding trip. When we removed females that had lost their pups from the samples, the number of recorded foraging trips was lower during the 1998 El Niño than during other years ( Fig. 2) since most pups died before the end of the breeding season (Soto et al. 2004) .
During the 1998 El Niño, no trend was observed in mean time that females spent at sea until their fifth trip; from this time onwards, mean times at sea began to decrease with each subsequent trip (Fig. 2) . In 1999 (the first breeding season following the strong 1997-1998 El Niño), no trend was detected in mean time spent at sea. However, mean times at sea increased throughout the breeding seasons in 2000 and 2002, and decreased in 2001 (Fig. 2) . No trends were observed in the time spent onshore during the 1998 El Niño. However, for all other years (1999 to 2002), the mean time onshore decreased as the pups grew older (Fig. 2) .
The proportion of time that females spent at sea per attendance cycle differed significantly among years (Kruskal-Wallis: χ 4 2 = 132.05, p < 0.001), and was greatest during the 1998 El Niño (71%) and lowest during the 2000 La Niña (53%). Differences among years were also noted for the proportion of time females spent at sea during the first trip after parturition (Kruskal-Wallis: χ 4 2 = 102.25, p < 0.001). There was considerable variability in the duration of foraging trips among females within a year. Variability in time spent at sea was highest during the 1998 El Niño (coefficient of variation [CV] = 45.15%) and lowest during the 2000 La Niña (25.89%). Such variability was statistically consistent among years (CV = 32.33% for all years combined). However, the lack of statistical significance may have been related to the small sample size obtained from 1998 (El Niño) and the lower number of females with pups whose foraging trips could be recorded that year (see Fig. 2 ). Variability in the duration of visits onshore was similar among years (26.94%).
In all years except 2000, the proportion of time that females spent at sea was significantly correlated with the duration of attendance cycles each year (1998 El [1999] [2000] [2001] . The time of arrival during La Niña was not random during the hours of observation (06:00 to 18:00 h; pooled data: χ 3 2 = 310.70, p < 0.001) (Fig. 3) . In general, most females arrived after midday in all years except during the 1998 El Niño, when they arrived more frequently before midday.
Arrivals during La Niña occurred mostly at night and dawn rather than during the day time (2000: χ 1 2 = 29.43, p < 0.001, 57.14%; 2001: χ 1 2 = 4.15, p = 0.042, 53.14%) except in 1999 (48.41%) when no differences were observed. In contrast, most females arrived during the daytime in 1998 (El Niño: 63.54%) rather than at night and dawn (χ 1 2 = 13.26, p < 0.001, 36.46%).
Timing of departures from land during daylight hours varied significantly among years (χ 12 2 = 148.21, p < 0.001). Significant differences were also observed during La Niña years (1999-2001) (χ 6 2 = 19.55, p = 0.003). In general, most females departed in the morning in all years except during the 1998 El Niño when most females departed at the end of the day (Fig. 3) .
Most departures between 1998 and 2002 occurred at night and dawn rather than during daylight (mean ± SE, night: 72.23 ± 3.74%; day: 27.77 ± 3.74%). Departures outnumbered arrivals at night and dawn in all years (departures: 72.23 ± 3.74%; arrivals: 48.87 ± 3.46%).
Numbers of females onshore
Mean numbers of females that were onshore during the breeding season (based on counts at 06:00 h) varied significantly among years (Kruskal-Wallis: χ 4 2 = 159.71, p = 0.001). Numbers fell from a mean 885 females before the 1997-1998 El Niño (Soto et al. 2004 ) to 72 during the El Niño in 1998, increased again to 548 females in 1999 after El Niño, before falling once more to 390 in 2002 (Table 2 ). One major difference during the 1998 El Niño (as opposed to other years such as La Niña in 2000) was the low numbers of females that were onshore during the breeding season, and the drastic abandonment of the breeding beaches (Fig. 4) . Numbers of females onshore during non-El Niño years did not vary significantly before or after the breeding season (K. Soto pers. obs.).
Mean numbers of females onshore varied significantly throughout the day for each year of the study (based on daily counts at 06:00, 12:00 and 18:00 h) (Kruskal-Wallis, 1999 In general, numbers tended to be higher early in the morning, drop to a minimum around midday, and increase to a maximum towards the end of the day when most of the arrivals were recorded (Fig. 3) . Each morning, most of the females and their pups moved towards the water's edge to Although no significant differences were observed in the number of females onshore throughout the day during the 1998 El Niño, the highest numbers occurred at midday, with lower numbers registered at the end of the day and minimum numbers in the morning. Differences between the numbers of females at the end of each day (18:00 h) and the following morning (06:00 h) indicated that most females departed at night, which is consistent with our observations that the highest numbers of marked females departed overnight.
Prey abundance, oceanographic conditions and maternal attendance patterns
Females appeared to adjust their attendance cycles in response to changes in prey abundance (Fig. 1) , as shown by the inverse relationship between the time spent at sea and the abundance of prey (measured as anchovy CPUE, shown in Table 4 ). Conversely, females spent more time onshore as abundance of prey increased (Table 4) .
Durations of foraging trips correlated positively with sea surface temperature anomalies (Pearson, r = 0.896, p = 0.039, n = 5) (Fig. 5) . In contrast, durations of visits onshore were inversely correlated with temperature anomalies (r = -0.887, p = 0.051, n = 5) (Fig.  5) . Foraging trips were thus longer and visits onshore were shorter when temperature anomalies were positive (such as during El Niño), whereas trips were shorter and visits onshore were longer when anomalies were negative (as during La Niña).
DISCUSSION
There appeared to be a strong relationship between diet, maternal attendance, and the availability of prey for South American sea lions in the Peruvian marine ecosystem. Types and proportions of prey consumed as well as the maternal attendance cycles varied according to interannual shifts in the abundance and distribution of fish and crustaceans. However, maternal flexibility was insufficient during the 1997-1998 El Niño to compensate for acute prey shortages, which resulted in females spending prolonged times at sea that exceeded the fasting abilities of their pups and caused high mortalities due to starvation. 
Diet
South American sea lions fed mainly on fish, crustaceans and cephalopods, but the frequency of occurrence of each prey group differed among and within seasons. Anchovy and the pelagic squat lobster were the main prey consumed by sea lions during the 1999-2001 La Niña. However, the spatial distribution and abundance of anchovy and lobster varied in those years with respect to the breeding rookery (despite being close to the surface) (Fig. 6) . Interestingly, occurrence of anchovy and squat lobster in the diets increased as prey became more abundant close to the rookery (Castillo et al. 1999 , 2001 , IMARPE 2002 , Castillo et al. 2004 (Fig. 6) .
Sea lions fed on a variety of prey when their principal prey were scarce, such as during the El Niño in 1998 and 2002. High occurrences of demersal species in the diet during these years suggested that sea lions foraged at deeper depths than normal. The only time the pelagic squat lobster was not found in the sea lion diet was during the 1998 El Niño and in February 2002 (early stages of the moderate 2002 El Niño). This was probably due to the preference of squat lobsters for colder waters (Paredes & Elliot 1997) , and was consistent with observations from hydroacoustic research surveys that squat lobsters were scarce near the breeding rookery during warm episodes (see IMARPE 2002) .
Sea lions appear to have foraged on their preferred prey according to its relative abundance in the marine environment. Strong preferences for prey were reflected by dominant occurrences of these resources in the diet of sea lions. Scarcity of resources in the marine ecosystem was also reflected by low occurrences in their diet. This apparent relationship between diet and the distribution and abundance of principal prey (as measured from hydroacoustic surveys and commercial catches) suggests that the South American sea lion diet is a good indicator of the relative distribution and abundance of marine resources in the Peruvian marine ecosystem.
Maternal attendance patterns and prey abundance
Perinatal period
The number of days that a mother spends with her newborn before departing on her first feeding trip has been proposed to be directly linked to the availability of prey and energy reserves she acquired before parturition (Bowen 1991) . In theory, time spent on shore is a function of body size and the rate at which a female's fat reserves are depleted to produce milk and nourish her pup (see Boness et al. 1994) . The length of the perinatal period likely increases as feeding conditions improve, but presumably cannot extend beyond some upper asymptotic level that is set by inherent physical and physiological constraints placed on the female.
In our study, the mean duration of the perinatal period during years when prey were not restricted was similar to that reported for South American sea lions along the Atlantic coast (Campagna & Le Boeuf 1988a) , as well as for other species of sea lions (Trillmich 1986 , Ono et al. 1987 , Higgins et al. 1988 , Higgins & Gass 1993 , Milette & Trites 2003 . However, the perinatal Castillo (1999 period was significantly shorter during El Niño in 1998, implying that initial female body condition was greatly reduced compared to other years and probably led to faster depletion of scarce maternal fat reserves. Such a short perinatal period might have significantly increased newborn mortality if pups failed to initially gain enough energy reserves to survive their first fast while their mothers foraged at sea. Similar reduced perinatal attendances due to reductions in prey abundance have been reported for other otariids (see Ono et al. 1987 ).
Time at sea
Changes in prey quality and abundance appear to have affected the duration of foraging trips (Figs. 1 & 5) . For example, shorter foraging trips were recorded during the 2000 La Niña year when prey were more abundant and closer to the breeding beach (Fig. 6) . Mid-to high-abundances of prey were located further away from the breeding beaches during the 1999 La Niña year (Castillo et al. 1999 (Castillo et al. , 2004 (Fig. 6) , and resulted in slightly longer foraging trips. However, the longest feeding trips occurred during the 1998 El Niño when the thermocline deepened (by more than 100 m) (Pizarro 1997 , Sánchez et al. 2000 , and females had to dive to greater depths and/or travel longer distances from the rookery to follow the migrating anchovy to cooler areas of southern Peru (Ñiquen & Bouchon 2002) . Such changes in time spent at sea in response to changes in prey availability have also been reported for several other otariid species (Limberger et al. 1983 , Trillmich et al. 1986 , Ono et al. 1987 , Costa et al. 1991 , Boyd 1999 . considered 2 factors that might set the duration of female foraging trips. One was that females need to attain a minimum amount of energy before returning onshore to nurse their pups. The second was that the time spent away from the rookery must not exceed the ability of the pups to fast, regardless of the energy gained. If the former factor occurs, females may return before or after a determined time limit depending on the availability of prey . However, if a minimum amount of energy is gained before this time limit, females may continue to forage until they reach the time limit set by the fasting ability of pups or their maximum storage capacity .
The length of foraging trips for female South American sea lions seems to be mainly determined by storage capacity rather than by a set time limit (i.e. as dictated by pup fasting ability). During La Niña in 2000, when prey abundance was the highest, females presumably reached their storage capacities faster than in other years based on the shortness of their trips. If trip durations were time limited, trips would be expected to have been of similar durations in good years such as during La Niña years. Instead, average trip durations correlated with the abundance and distribution of prey, such that time at sea was reduced as prey became more abundant and were located closer to the rookery (Figs. 5 & 6) .
Flexibility in duration of maternal foraging trips observed for South American sea lions seemed to depend on a combination of environmental, physical and physiological constraints. Females presumably require a minimum time at sea to replenish their resources and/or satisfy a minimum gain of energy. Such a restriction is probably determined by physiological and physical constraints , Thompson et al. 1998 as well as by prey abundance. Similarly, there must also be a maximum time a female can spend at sea before her pup starves, which must be a function of the fasting abilities of pups, female storage capacity, and the abundance of prey. However, in extreme circumstances (such as during the strong 1997-1998 El Niño when prey were reduced), females may have to extend the time they spend at sea to ensure their own survival and forego the needs of their pups.
The duration of foraging trips recorded during years when prey were not restricted were similar to values obtained for South American sea lions at the Falkland Islands (Thompson et al. 1998) . However, South American sea lions from Argentina (Campagna & Le Boeuf 1988a , Campagna et al. 2001 ) spent as much as twice the time foraging as did the sea lions we observed. Since distance to foraging grounds is an important component of trip duration (Boyd 1999) , and time at sea increases with travel distance (Boyd 1999) , these longer trip durations in Argentina may indicate that greater distances were travelled or longer times were spent foraging to satisfy energy requirements.
Time onshore
The time that females spent onshore after foraging also varied according to the abundance of prey (Figs. 1 & 5) . Shorter visits onshore occurred when prey abundance was lower, as observed during the 1998 El Niño, and longer visits occurred when prey was not restricted (as during La Niña). However, the time spent onshore by females of other species of otariids appears to be less sensitive to prey reductions than the time spent at sea. For several species, shorter times onshore during periods of prey shortage have not differed significantly from values obtained in normal years (see Ono et al. 1987 ).
Arrivals and departures
Most females departed at night, and the number of females departing at night always outnumbering those arriving at night. This occurred in all years of our study, and was further supported by the observation that higher numbers of females were onshore at the end of each day than were present the following morning. These patterns of arrival and departure suggest that female South American sea lions foraged mostly at night and dawn, when anchovy were closer to the surface and were more accessible to the sea lions (Arntz et al. 1991) . Such nocturnal foraging patterns have also been reported for the sympatric South American fur seal (Trillmich et al. 1986 ), which also preys mainly on anchovy (Arias-Schreiber 2003) .
Although most females departed at night, some waited until the early morning daylight hours and returned the following day during the afternoon ( Fig. 3) . Leaving before the sun is at its peak and returning afterwards is probably an effective strategy to reduce thermal stress during the hot midday hours. Otariids that inhabit the tropics and subtropics have had to behaviourally adapt to intense solar radiation and high air temperatures during breeding seasons (Campagna & LeBoeuf 1988b) . However, many of the adaptive behaviours that reduce thermal stress can compromise reproductive success and mating strategies (e.g. aggressiveness) (Trillmich et al. 1986 , Campagna & LeBoeuf 1988b , Soto et al. 2004 .
The general pattern of arrivals and departures that we observed differed during the 1998 El Niño compared to other years of observation. Similar patterns of arrivals and departures were observed for the South American fur seal during an earlier El Niño in 1982 -1983 (Trillmich. et al. 1986 ). The most striking difference during El Niño was the tendency for greater numbers of females to arrive onshore before midday, when higher air temperatures and solar radiation increased the risks of overheating on land. Although remaining on land during daylight may incur thermoregulatory costs (Soto et al. 2004) , avoiding the hot hours by foraging during the day on reduced prey during El Niño might be energetically more expensive than nocturnal foraging since anchovy are normally located at deeper depths during the day (Arntz et al. 1991) .
Effects of acute prey shortages
Assessments of pelagic resources by hydroacoustic research surveys were not conducted by IMARPE during the 1997-1998 El Niño breeding season. However, data from landings of commercial fisheries indicated that anchovy catches were minimal at that time because of deepening of the thermocline (Ñiquen & Bouchon 2002) . Female sea lions also appeared to secure limited catches at that time based on poor body conditions and extended lengths of observed foraging trips (Fig. 5) . Females failed to meet their own energy requirements or those of their pups during El Niño, and appeared to have had no alternative but to abandon their pups or nurse them with milk of insufficient quality and quantity after spending long periods at sea.
The first foraging trips made by females following parturition tend to be longer than subsequent trips, and seem to reflect the time needed for mothers to replenish fat reserves depleted during the perinatal period. However, during the El Niño in 1998, the first foraging trips were exceptionally long while the perinatal period was significantly short compared to other years (Table 3) . Although most females abandoned their pups during El Niño in 1998, it did not ensure their own survival. High numbers of visibly emaciated females died at several rookeries along the Peruvian coast in February 1998 during the peak of El Niño (K. Soto pers. obs.). Similarly, many pups were unable to successfully fast between infrequent visits of their mothers onshore, and subsequently starved to death (Soto et al. 2004) . One emaciated pup attempted to continuously take milk from other females, but died after waiting 9 d for its mother. She returned 2 d after its death and was also visibly emaciated.
Another compounding factor for the sea lions during the 1997-1998 El Niño was that the energy content of anchovy was lower than in other years (Alamo & Espinoza 1998) . This would have reduced the energy intake per unit of prey captured by sea lions. The reduced abundance and low quality of prey at deeper depths than normal would have also caused sea lions to expend more energy per unit of prey consumed. Moreover, poor body condition likely further reduced female diving abilities and decreased their foraging success.
Although some species of otariids have been shown to increase their diving effort near rookeries when prey is limited , it is not clear whether the longer foraging trips of South American sea lions noted during El Niño in 1998 were due to increased foraging effort associated with swimming greater distances from the rookery, increased rates of diving closer to the rookery, or a combination of both. In at least some instances, long distances were travelled since a number of known females who abandoned their pups were sighted as far as 250 km south of the breeding rookery (K. Soto pers. obs.). What was apparent was that foraging behaviour of the sea lions could not sufficiently compensate for acute reductions of prey.
Numbers of females onshore
Numbers of females onshore during the breeding season decreased dramatically during the 1997-1998 El Niño (Fig. 4) . Females progressively abandoned the rookery throughout the El Niño starting in November 1997, and no animals were observed at the end of the breeding season in March 1998. High adult mortality and the loss of entire young cohorts during this El Niño (Soto et al. 2004 ) accounted for the low number of survivors that remained in April 1998. Although favourable oceanographic conditions followed in the years subsequent to the 1997-1998 El Niño, population recovery might take many years due to the time required for females to reach the age of reproduction and successfully pup. Should another El Niño of strong magnitude occur before the population has had sufficient time to rebuild, recovery of the remaining population of sea lions may be seriously compromised.
CONCLUSIONS
Our study demonstrated that South American sea lion maternal responses and diets reflected interannual fluctuations of the Peruvian upwelling ecosystem, and suggested that these sea lions may be good indicators of relative changes in the distribution and abundance of marine resources. Although dramatic changes in the Peruvian marine ecosystem due to the occurrence of El Niño and La Niña events are extreme compared to fluctuations in other marine ecosystems, the responses of apex predators such as South American sea lion provide important insights into behavioural adaptations -and limitations of those adaptations -that might have evolved to cope with rapid changes in the ecosystem and uncertainty in prey distribution and abundance.
The fact that behavioural measurements of apex predators may be considered to be good proxies for abundance and distribution of prey, as well as for oceanographic features, is promising and opens new windows for the implementation of research using marine mammals as data collectors. The integration of biological and oceanographic information has the potential to provide a better understanding of the dynamics of the marine ecosystem and their influence in shaping the life history of apex predators. Trillmich F, Ono K (eds) 
